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Project  Siimman' 


As  described  by  the  title  the  grant  funds  were  used  to  support  a  project  whose 
primary  goal  was  the  development  of  tunable  coherent  sources  for  the  THz-FIR  region  of 
the  spectrum.  The  THz  or  more  generally  the  FIR  extends  from  0.3  x  10’-  (0.3THz)  to 
30  X  10’ 2  (30THz)  or  alternatively  from  a  wavelength  of  1mm  down  to  a  wavelength  of 
10  |im.  It  is  a  range  of  the  spectrum  that  has  been  a  long  standing  challenge.  Microwave 
technology  which  has  been  extraordinarily  successful  at  wavelengths  longer  than  1  mm 
and  classical  and  quantum  optical  techniques  which  are  extremely  effective  in  the 
visible,  near  and  mid  infrared  regions  of  the  spectram  encounter  fundamental  challenges 
when  extended  (respectively)  to  longer  or  shorter  wavelengths.  Continued  interest  in 
"opening  up"  and  exploiting  the  FIR  region  of  the  spectrum  is  based  on  the  scientific 
questions  which  in  part  demand  an  access  to  the  THz-FIR  spectral  range.  These  extend 
from  atmospheric  and  biophysics  to  plasma  physics  and  radio  astronomy.  Important 
technological  applications  also  exist.  Among  the  examples  would  be  radar  modeling, 
characterization  of  the  response  of  near  millimeter  wave  (NMMW)  systems  and  the 
potential  for  short  range  high  resolution  radar.  The  immediate  scientific  and  engineering 
goals  of  the  project  supported  by  the  equipment  grant  provide  a  source  that  is  tunable, 
narrow  band  and  provides  sufficient  power  for  spectroscopic  investigations.  In  the  longer 
term  a  compact  conveniently  packaged  sources  and  potential  and  requirements  needed  to 
reach  higher  power  operation  are  of  interest.  The  approach  to  developing  a  source  was 
based  on  the  use  of  an  electron  beam  and  a  diffraction  grating.  The  grating  couples  the 
beam  with  the  electromagnetic  field  provides  distributed  feedback  which  reacts  back  on 
the  beam  and  in  turn  leads  to  bunching  of  the  beam.  The  density  bunches  produce  the 
coherent  operation.  Coherent  operation  was  first  demonstrated  during  the  course  of  the 
project  (  PRL  80  1998,  516  ). 

The  use  of  an  electron  beam  as  a  primary  component  even  if  technically  a  success 
may  carry  potential  negative  connotations  in  some  applications.  The  present  project  is 
unique  in  this  regard  however.  The  usual  difficulties  and  systems  engineering  complexity 
associated  with  vacuum  approaches  is  circumvented.  The  final  form  of  the  devices  that 
will  result  may  be  truly  characterized  as  "vacuum  micro-electronic"  sources. 

The  ultimate  cathode  in  the  source  will  be  based  on  single  tip  field  emitters  which 
are  capable  of  providing  many  hundreds  of  amperes/  cm-  a  level  far  above  that  used  in  a 
conventional  microwave  tube.  Total  current  from  a  single  tip  is  low  but  the  brightness 
A/cm^  -  sr)  is  extremely  large.  In  order  to  couple  effectively  to  a  diffraction  grating  and 
produce  radiation  in  the  THz-FIR  region  of  the  spectrum  the  beam  voltage  is  high  by  the 
standards  of  microwave  tubes  but  very  modest  by  there  electron  laser  standards.  A  few 
lO's  of  kV  will  suffice.  Voltages  in  this  range  at  tube  current  levels  required  can  be 
provided  by  another  rapidly  developing  technology  the  dc-dc  high  voltage  convectors, 
voltage  sources  which  can  produce  lO’s  of  kV  in  packages  at  no  more  than  lO's  of  cm^ 
volume  are  a  practical  reality. 

Integration  of  bright  cathode  and  compact  high  voltage  .source  technology  with 
the  diffraction  grating  resonator  a  low  loss  surface  emitter  provide  the  essential 
components  of  a  unique  source  for  the  THz-FIR  range. 

In  order  to  explore  the  potential  of  this  technical  approach  the  electron  beam  in  a 
scanning  electron  microscope  (SEM)  has  been  used  to  drive  a  diffraction  grating.  The 
beam  is  focused  and  positioned  over  the  grating  using  the  SEM's  original  internal 
focusing  and  control  systems.  A  grating  is  installed  on  a  miniature  10  x  10  cm  optical 


bench"  which  is  mounted  on  the  microscope  stage.  Radiation  is  emitted  form  the  grating 
in  the  normal  direction.  The  device  is  in  effect  a  micro  Smith-Purcell  tree  election 
laser. 


The  SEM  which  provides  the  e-beam  for  this  investigation  is  small  but  except  in 
relative  terms  it  would  not  be  characterized  as  "compact".  However  it  is  the  ideal 
research  tool  for  this  investigation.  The  SEM  also  still  functions  as  originally  intended 
and  thus  provides  a  further  very  useful  diagnostic  capability.  In  sum  it  is  the  ideal  e- 
beam  source  for  exploring  the  potential  of  vacuum  micro  electronic  sources.  A  final 
engineered  device  would  of  course  dispense  with  the  microscope.  Ultimately  a  very 
compact  device  will  result. 

The  scientific  progress  on  "proof  of  principle"  by  this  grant  is  summarized  in 
three  technical  appendices  to  this  report. 


Equipment  Purchased 

The  original  equipment  request  is  included  with  this  report  as  Appendix  B. 
Although  not  identical  the  equipment  finally  purchased  matches  the  original  request  in 
scope  and  proportion.  Expenditures  for  infrared  detectors  and  signal  processing 
equipment  were  increased.  This  change  was  made  possible  because  an  alternative  and 
better  means  of  providing  a  second  e-beam  system  was  adopted.  In  the  original  proposal 
funds  for  the  construction  of  the  second  e-beam  system  were  requested.  The  most 
expensive  single  item  was  the  electron  gun  (item  1  in  appendix  B).  During  the  time 
between  submission  and  award  a  second  SEM  became  available  which  provided  both  a 
better  and  less  expensive  approach  to  developing  a  second  system. 

The  actual  expenditures  are  listed  on  Table  1.  Excepting  the  departure  mentioned 
above  the  types  of  expenditures  match  the  original  request.  The  grant  provided  a  range  of 
infrared  detectors,  spectrometers  and  optical  components.  Vacuum  components  provide 
the  opportunity  to  explore  the  capability  of  brighter  cathode  stmctures  and  the  e-beam 
focus  control  system  improves  the  overall  stability  of  the  system. 


Table  1  Equipment  Purchased 


Detectors 

IR  Laboratories  $15,190.00 

QMC  Instruments  26,404.50 

EgaG  Judson  1,763.02 

Oxford  Instalments  1.717.60 

45,075.12 

Signal  Processing  Equipment 

LeCroy  Digital  Oscilloscope  $17,848.66 

Stanford  Res.  Syst.  LIA  3,950.00 

Stanford  Res.  Syst.  Pre-Amp  2.014.49 

23,813.15 

Infrared  Spectrometers 

Acton  Research  $3,925.91 

Acton  Research  2,005.00 

4DT  X-ray  Det  209.60 

Welch  Allyn  Inc.  588.54 

6,729.05 

2^  Prototypes  System  (excluding  vacuum) 

Green  Mountain  Syst.  $2,000.00 

Green  Mountain  Syst.  500.00 

Trumbull  Nelson  Inc.  1,459.15 

Spellman  high  Voltage  Inc.  5,344.32 

Fisher  Scientific  503.28 

Specialty  Metals  199.31 

10,606.12 

Vacuum  Components 

Leybold  Herceus  Inc.  $3,794.60 

MKSInc.  1,355.49 

Leybold  Herceus  Inc.  200.56 

Varian  Inc.  506.50 

Varian  Inc.  80.60 

Varian  Inc.  173,. 76 

6,111.51 


Optical  Elements  (Inc.  wire  grids) 

Meles  Griot  166.07 

Thok  Laboratories  Inc.  2,873. 15 

V-Focusinc.  1766.04 

QNG  wire  grid  3,867.00 

Newport  Inc.  749.62 

Edmund  Scientific  307 .3^ 

9,729.18 


E-heam  Focus  Control  System 
Micron  Electronics 
Edmund  Scientific 
Digi  Key  Corp. 

National  Instruments  Inc. 
Micro  Motor  Inc. 


Shipping  Costs 
PLX 
FEDEX 
Universal  Thr 


Non  capital  equipment 
Total 


4.771.01 

636.40 

405.30 

3.427.05 

619.69 

9,859.45 


511.00 

816.06 

598.86 

1,925.92 

7,024.50 

120,874.00 


Appendix  A:  Publication  where  the  work  was  supported  in  part  by  DOD-AF-DURIP 
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1 .  A  Coherent  Tunable  FIR  Source,  J.  H.  Brownell,  M.  F.  Kimmitt.  J.  C.  Swartz  and 
J.  E.  Walsh,  Proceedings  of  Ninth  International  Symposium  on  Space  Terahertz 
Technology,  pp  537-542,  March  17  -  19,  1998  Sponsored  by  NASA  Office  of  Space 
Sciences,  Organized  by  the  Jet  Propulsion  Laboratory  and  the  California  Institute  of 
Technology. 


A  New  Far  infrared  (FIR)  Source,  J.  E.  Walsh,  J.  C.  Swartz,  J.  H.  Brownell  and 
~  M  F  Kimmitt,  Proceedings  of  23rd  International  Conference  on  Infrared  and  Mm 
waves,  p  338,  T.  J.  Parker  and  S.  R.  P.  Smith  Eds.  U.  of  Essex,  Colchester.  UK, 

ISBN  b-953383903. 

3.  A  New  Far  Infrared  Free  Electron  Laser,  J.  E.  Walsh,  J.  H.  Brownell,  J.  C.  Swaitz,  J. 
Urata,  M.  F.  Kimmitt,  Nuclear  Instruments  and  Methods  in  Physics  Research  -  A  422 
(1999)  pp  457-461. 
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A  COHERENT,  TUNABLE,  FIR  SOURCE 


J.H.  Brow-nell,  M.F.  Kimmiu,  J.C.  Swartz  and  J.E.  Walsh 
Department  of  Physics  and  .Astronomy,  Dartmouth  College,  Hanover,  A'ew  Hampshire  03755-3528 

(March  18,  1998) 


A  tunable  coherent  source  which  operates  in  the  TEz- 
FIR  region  of  the  spectrum  has  been  developed.  The 
device,  termed  a  grating-coupled  oscillator  (GCO)  uses 
the  beam  in  a  scanning  electron  microscope  (SEM)  and  a 
diffraction  grating  placed  in  the  e-beam’s  focal  region  to 
generate  the  radiation.  Distributed  feedback  is  provided 
by  the  grating  itself  and  the  e-beam  is  focused  and  po¬ 
sitioned  using  the  microscope’s  internal  control  S3rstem. 
A  summarv'  of  operating  characteristics  of  the  present 
device  and  a  survey  of  the  scaling  relations  w'hich  will 
determine  the  spectral  coverage  is  presented-  Comments 
on  what  will  be  required  in  order  to  develop  a  very  com¬ 
pact  device  are  also  included. 

I.  INTRODUCTION 

The  region  of  the  electromagnetic  spectrum  which 
falls  in-  the  approximate  band  of  wravelengths  be¬ 
tween  10  and  1000  fim.  the  so-called  far-infrared 
(FIR)  spectral  region,  is  relatively  devoid  of  tunable, 
coherent,  radiation  sources.  Until  quite  recently,  and 
relative  to  the  range  of  options  available  at  longer 
and  shorter  wavelengths,  this  assertion  would  be  al¬ 
most  indisputable.  However,  the  challenge  presented 
by  the  lack  of  sources  together  with  the  existence  of 
a  broad  range  of  interesting  research  puzzles  an'd  op¬ 
portunities  has  led  to  a  renewed  interest  in  providing 
access  to  this  spectral  region.  The  present  note  deals 
with  one  promising  approach  to  a  means  of  produc¬ 
ing  tunable  THz  or  FIR  radiation. 

The  beam  in  a  scanning  electron  microscope 
(SEM)  and  a  diffraction  grating  mounted  in  the  e- 
beam  focal  region  has  been  used  to  produce  coherent 
radiation  [l]  over  a  range  of  w'avelengths  that  ex¬ 
tends  from  approximately  250  /im  out  to  1000  (im. 
Termed  a  grating-coupled  oscillator  (GCO),  the  de¬ 
vice  is  a  new  \^iation  on  an  old  theme. 

Obsert-ation  of  radiation  produced  by  electrons 
skimming  over  a  di&action  grating  was  first  re¬ 
ported  by  Smith  and  Purcell  [2]  in  1953.  Even  ear¬ 
lier,  Salisbury  had  filed  a  patent  application  [3]  on 
a  device  based  on  the  coupling  of  moving  electrons 
and  a  diffraction  grating  although  Salisbury  appar¬ 
ently  did  not  conduct  experiments  until  somewhat 
later  [4].  Others  [5-8]  have  also  followed  up  on  the 
early  work. 

The  radiation  mechanism  described  in  reference 
flj,  which  has  become  associated  with  the  authors' 


names,  was  essentially  an  incoherent  or  shot  noise 
process.  Individual  rulings  on  the  grating  con¬ 
tributed  coherently  to  the  passage  of  a  single  elec¬ 
tron  but  the  contributions  of  each  electron  in  the 
beam  added  incoherently.  This  was  a  consequence 
of  the  fact  that  in  the  early  experiments,  the  fo¬ 
cus  was  on  short  w-avelengths,  visible,  and  the  size 
of  the  beam  was  large  relative  to  the  wavelength. 
The  relative  beam  energy*  which  is  also  a  factor  in 
the  dimensionless  coupling  parameter  w’as  also  low. 
A  quantitative  discussion  of  this  point  is  presented 
further  along  in  the  manuscript. 

Coherent  radiation  at  mm  [9~12]  and  sub-mm 
[13,14]  wavelengths  has  been  introduced  in  grating- 
coupl^  devices.  Termed  either  Orotrons  [9,11-14] 
or  the  Ledatron  [10],  these  devices  used  gratings  em¬ 
bedded  in  Fabry’-Perot  resonators  and  electron  beam 
technology  similar  to  that  used  in  other  microwave 
tubes  to  produce  the  radiation.  The  name  Ledatron, 
introduced  by  Mizuno  [10],  was  an  acronym  that  w^as 
chosen  in  order  to  emphasize  the  dual  nature  of  the 
surface  modes  and  the  importance  of  both  the  bound 
and  radiative  space  harmonics  in  the  coupling  and 
emission  process. 

In  the  present  device  it  is  the  distributed  feedback 
on  the  grating  itself  that  leads  to  bunching  of  the 
electron  beam  and  the  growth  of  coherent  radiation. 
The  beam  voltages  are  modest  (10-50  kV)  but  higher 
than  those  used  in  any  but  high-power  tubes.  Beam 
current  density  is  high  (100  A/cm^  or  greater),  but 
the  total  currents  are  modest  (lOO’s  /xA).  The  ‘'qual¬ 
ity^  of  the  electron  beam,  energy  spread  and  emit- 
tance  are  critical  factors.  Thus,  overall,  the  “bright¬ 
ness”  of  the  beam  is  very  high.  The  “open”  nature 
of  the  resonator  together  with  the  extremely  bright 
electron  beam  are  the  essential  features  of  the  de¬ 
vice. 

The  remainder  of  the  paper  is  divided  as  follows: 
A  survey  of  device  performance  will  be  given  in  Sec¬ 
tion  n  and  a  summary  of  basic  scaling  relations  that 
govern  device  operation  is  contained  in  Section  III. 
These  sections  are  followed  by  brief  remarks  on  pos¬ 
sible  means  by  which  very  compact  GCO  devices 
might  be  realized,  and  by  concluding  remarks. 
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II.  SURVEY  OF  EXPERIMENTAL  RESULTS 


Given  the  importance  of  beam  quality  and  bright¬ 
ness,  an  SEM  is  the  ideal  device  for  exploring  the 
potential  of  the  GCO.  The  beam  quality  is  excel¬ 
lent  and  the  microscope’s  own  focusing  and  trans¬ 
port  elements  may  be  used  to  shape  and  position 
the  beam.  The  beam  column  of  the  SEM  used  in 
the  present  experiments  is  illustrated  in  Fig.  1.  Elec¬ 
trons  are  emitted  from  a  Tungsten  “hopin’’  cathode 
and  focussed  by  a  Wehnelt  electrode  and  a  series  of 
magnetic  lenses.  The  waist  of  the  beam  is  placed 
at  approximately  the  midpoint  of  the  grating  and 
at  present  the  lower  limit  to  the  waist  diameter  is 
approximately  25  fim.  This  however  is  a  machine- 
design  imposed  but  not  an  absolute  limit.  The  beam 
may  also  be  swept  either  in  and  out  along  the  grating 
normal  or  across  the  grating  surface.  This  provides 
a  convenient  temporal  reference  modulation.  Oper¬ 
ation  in  fixed  spot  temporally  pulsed  mode  is  also 
an  option. 

The  grating  is  placed  on  a  miniature  “optical 
bench”  which  is  mounted  on  the  microscope  stage. 
At  present  the  FIR  optical  system  limits  observation 
to  the  normal  direction  and  the  grating  parameters 
are  chosen  to  optimize  normal  emission.  Designs 
that  circumvent  this  limitation  are  under  evaluation. 


Optical 

Table 

Grating 


Cathode 
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Anode  and  Aperture 
Alignment  Coils 
First  Lens 

Upper  Scan  Coils 
Stigmator 
Lower  Scan  Coils 

Second  Lens 

V  Polyethylene 
Window 


FIR 

Radiation 


Faraday 

Cup 


FIG.  1.  DiaCTam  of  the  SEM  optical  system. 


A  typical  example  of  a  plot  of  observed  power  ver¬ 
sus  electron  beam  current  is  shovn  in  Fig.  2.  lu  has 
two  characteristic  regions.  When  the  current  is  rel¬ 
atively  low  and/or  the  beam  diameter  is  compara¬ 
tively  large,  the  observed  power  increases  linearly 
with  current.  This  is  characteristic  of  a  shot  noise 
Q]-  spontaneous  emission  process.  In  this  region,  a 
detailed  analysis  of  the  emission  process  has  been 
carried  out  [15].  The  emitted  power  in  W'/sr  is  given 
by: 

^  =  e/^FiRn|'e.xp(-xo/A*)  (1) 

dQ  2£6o 

where  e  is  the  electron  charge,  I  is  the  beam  current, 
jV  is  the  number  of  grating  periods,  n  is  the  order 
of  emission,  f  is  the  grating  period,  and  eo  is  he 
permittivity  of  free  space.  Other  parameter  which 
appear  in  Eq.  (1)  are; 


F  = 


sin~  9 

{l/.B-  cosd)^ 


iBi 

4-lnl' 


(2) 

(3) 


Eq.  (2)  is  the  variation  of  the  emission  with  polar 
angle.  The  symbols  B  and  7  are  respectively  the 
electron  velocity  relative  to  the  speed  of  light  and 
the  relative  electron  energy.  Angles  are  measured 
with  respect  to  the  electron  beam  axis  and  xq  is  the 
distance" of  the  infinitessimally  thick  beam  above  the 
orating.  When  observed  power  is  composed  with 
the  prediction  of  Eq.  (1),  the  measured  beam  profile 
is  folded  together  with  the  evanescent  field  length 
given  by  Eq.  (3).  The  remaining  factor  in  Eq.  (1), 

I  An  1^,  is  in  effect  an  antenna  gain  and  the  notation 
is  that  first  introduced  by  van  den  Berg  [16].  A 
detailed  discussion  that  is  adapted  to  the  conditions 
of  this  experiment  may  be  found  in  Urata  [17]. 

W’hen  evaluated  for  parameters  used  in  produc¬ 
ing  Fig.  2  and  assuming  an  interaction  length  of  5 
mm,  Eq.  (1)  would  predict  emitted  power  levels  of 
the  order  of  100  pW/^A-sr.  The  effective  field  of 
view  of  the  collection  optics  is  approximately  0.07  sr. 
The  FIR  emission  is  deteaed  with  a  silicon  compos¬ 
ite  bolometer  placed  between  0.5  and  1.0  m  distmt 
from  the  grating.  Although  the  loss  in  the  collection 
system  is  not  accurately  known,  the  theoretical  pre¬ 
dictions  and  estimated  geometrical  factors  are  con¬ 
sistent  ^dth  the  sub-nW  power  levels  observed  in  the 
range  where  P  oc  7. 

The  focused  beam  will  suppon  fast  and  slow  space 
charge  modes.  As  the  beam  plasma  frequency  is  in¬ 
creased,  those  modes  become  resolved  on  the  scale 


Beam  diameter 
I  •  24pm‘ 

I  o  60  fim  ; 


.  a  =  4.12 


a  =  0.90 


'^Threshold 


10^  10^  ^ 
Beam  Current  (^A)  ^ 

FIG.  2.  Detected  power  vs.  beam  current.  Fits  of  the 
form  y  =  Ax°  are  sho^m  for  the  linear  and  superlinear 

regimes. 

of  the  free  spectral  range  which  is  determined  bv 
the  beam  velocity  and  the  interaction  len^  [}■  ■ 
the  transit  time).  When,  by  increasmg  ttie 
current,  this  regime  is  reached,  h  is  expected  that 
coupling  of  the  “negative  energy  ’  slow  space  chaio 
wave  with  a  cc^propagating  space  barmomc  compo¬ 
nent  could  result  in  a  bunching  of  the  beam..  In  tins 
case,  growth  of  the  component  of  the  eimtted  ra¬ 
diation  will  occur.  While  the  details  of  the  theory 
in  this  regime  are  still  under  development,  such  a 
transition  is  indeed  observed.  The  transition  occurs 
when  the  beam  plasma  frequency  times  the  transit 
time  exceeds  0.2-0.25.  Beyond  the  transition  pomt, 
the  radiated  power  grows  rapidly  as  a- power  of  the 
current  exceeding  the  expected  spon^eous  emis¬ 
sion  by  1  to  2  orders  of  magnitude.  The  ^onen 
in  this  power  law  relation  typically  ranges  from  2  to 
6  and  is  sensitive  to  the  operating  conditions.  it 
the  present  operating  parameters,  the  system  oes 
not  appear  to  have  reached  saturation. 

It  is"  clear  that  the  finite  length  grating  is  func¬ 
tioning  as  a  relatively  high  quality  surface  resonator 
but  the  details  are  yet  to  be  understood.  A  sm- 
ilar  caveat  applies  to  the  non-linear  regme  but 
Eq.  (1)  provides  a  basis  for  some  interestmg  es  i- 
mated.  Since  it  is  proportional  to  the  product  of  the 
electron  charge  and  the  current,  it  has  the  J^ac- 
teristic  form  of  a  shot  noise  formula.  If  it  is  mul¬ 
tiplied  and  divided  by  a  spectral  mterv^,  du, 
the  product  el  factored  out,  what  ^mains  is  a  ra¬ 
diation  resistance”.  The  spectrd 
taneous  emission  “Smith-Purcell  hne 
duced  from  both  grating  spectrometer  an 
transform  interferometer  measuremen  .  to 
case  the  spectral  width  is  about  A:/  «  ™ 

verting  this  to  an  angular  frequency,  (Lj,  and  usm^ 
a  beam  current  of  100  fiA.,  the  factors 

eidu  =  3.2pW/n  (4) 


Thus  the  measured  power  near  ^ 

the  spontaneous  emission  regime  indicates  tha 
radiation  resistance  lies  between  1  10 

interaction  length  and  the  exact  ^■alue  o.  ^^e^eam 
profile  -  evanescent  wave  overlap  are  not  determined 
preciselv.  However  the  l-lO  kH  range  for  a  radi¬ 
ation  resistance  is  also  consistant  with  an  indepen¬ 
dent  evaluation  of  Eq.  (1)  (after  factoring  out  el  and 

4  bunched  beam  with  100  pA  rms  current  ^ou  d 
be  expected  to  generate  between  10  and  100  pW 
A.  beam  with  approximately  one  order  of  magmtude 
greater  current  («  1  mA)  would  produce  power  lev- 

els  in  the  range.  ^  ^ 

These  arguinents  are  qualitative  but  they  are  also 
based  on  todamental  constraints.  The  estimates 
probably  represent  reasonable  upper  limits  to  what 
can  be  expected  from  SEM  electron  optical  system 
based  e-beam  technology. 


III.  SCALING  OF  GCO  DESIGN 
CONSTRAINTS 

A  discussion  of  the  constraints  governing  GCO  op¬ 
eration  is  facilitated  by  first  examimng  the  Asper¬ 
sion  plane  associated  with  the  electromagnetic  fields 
above  a  grating.  A  schematic  dispersion  plane  is  il¬ 
lustrated  in  Fig.  3.  The  vertical  axis  is  the  an^^ 
frequency  measured  in  units  of  2;:  the  sp 

li^ht  divided  by  the  grating  period.  The  honzontal 
is  the  wave  number  along  the  grating  in  a  direc¬ 
tion  perpendicular  to  the  rulings.  Again,  the  uni 

are  normalized.  ^ 

The  plane  is  divided  into  two  principal  reoions, 

“fast”  and  “slow”.  These  designations  are  relative  to 


3  k,i£/27c 


FIG.  3.  Schematic  of  GCO  dispersion  plane. 
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the  speed  of  light,  the  lines  with  slope  ±1  on  the  dia- 
gram.  Each  Fourier  component  of  the  field  above  the 
grating  will  contain  a  complete  set  of  space  harmonic 
whose  axial  w'ave  numbers  differ  by  27r/£.  Space 
harmonics  wdth  phase  velocities  that  fall  within  the 
‘^light  cone”,  the  region  labeled  fast,  satisfy*  radia¬ 
tive  boundary  conditions.  The  points  in  the  fast 
region  represent  components  of  either  incident  and 
scattered  waves  or  an  outgoing  wave  generated  by 
the  beam. 

Points  on  the  plane  which  fall  outside  the  light 
cone  have  phase  velocities  less  than  the  speed  of 
light.  Space  harmonic  components  in  this  region  are 
non-radiative  but  they  do  serve  as  a  coupling  mech¬ 
anism  for  the  electron  beam.  A  “beam  line”  is  also 
shown  on  the  figure.  Along  this  line  the  relation 

u  =  ijjt;  (5) 

is  satisifed  (u;  is  the  angular  frequency,  A:jj  is  the  ax¬ 
ial  wave  number  in  dimensional  units,  and  v  is  the 
velocity  of  the  beam.  In  the  current  discussion  only 
waves  which  have  at  least  one  space  harmonic  com¬ 
ponent  in  this  light  cone  are  of  interest.  Thus,  the 
darker  shaded  areas,  marked  bound,  may  be  ignored. 
The  wavenumber  which  appears  in  Eq.  (5)  may  be 
broken  down  into  two  components 

A:,,  =  Aro  +  27r|nl/£  (6) 

where 

ko  =  (u/c)cos0  (7) 

is  the  axial  component  of  the  wavenumber  along  the 
grating  that  would  be  associated  with  an  outgoing 
radiative  wave.  Combining  Eqs.  (5  -  7)  and  choosing 
\n\  =  1  ^fields 

U  ^  - 2£/^ — 

c  l//3-cos5 
or 

A  =  £(!//?- cos6)  (9) 

which  is  the  well-known  relation  discussed  by  Smith 
and  Purcell  in  Ref.  [2].  It  can  also  be  deduced  using 
the  Huygens  construction. 

The  choice  |n|  =  1  is  not  necessarily  the  dominant 
mode.  It  is  interesting  to  note  that  if,  for  instance, 
the  depth  of  the  grating  is  chosen  in  order  to  opti¬ 
mize  the  spontaneous  emission  for  |n|  =  3  that  mode 
w’ill  also  dominate  above  threshhold  (Fig.  4).  Small 
variations  in  voltage  will  also  lead  to  |n|  =  1  and 
|nl  =  3  operating  simultaneously  (Figs.  5  and  6). 
The  potential  for  operation  on  higher-order  modes 
of  the  grating  provides  an  important  degree  of  free¬ 
dom  for  grating  design. 


Another  important  constraint  is  related  to  the 
evanescent  scale  length  of  the  slow  space  harmonics. 
Outside  the  light  cone,  the  square  of  the  perpendic¬ 
ular  component  of  the  total  wavenumber  is  less  than 


Wavenumber  (1/cm) 

FIG.  6.  Power  spectrum  inferred  from  the  interfero- 
gram  in  Fig.  5. 


zero  and  the  wavenumber  itself  is  pure  imaginary 
and  has  a  magnitude 

l^j.1  =  y^rfl  “  (10) 

Since  energ>'  transfer  is  through  the  nearly- 
synchronous  co-propagating  space  harmonic  the  re¬ 
lation  fc[|  =  ujv  can  be  used  to  infer  that 

|A:^|=u;/t;7  (11) 

w'here  7  =  l/>/l  -  Thus, 

\k^\  =  27:/jpX  (12) 

or 

\k^r^=Xe  (13) 

the  evanescent  scale  length  introduced  in  Section  IL 
In  general,  good  coupling  will  require  the  beam  di¬ 
ameter  to  be 


d<Xc 


(14) 


or 


also  follows. 

Threshhold  occurs  when  the  beam  plasma  fre¬ 
quency  times  the  transit  time  of  a  beam  electron 
through  the  interaction  length  exceeds  about  0.25. 
Operation  well  above  threshhold  will  require 


>  1 


(19) 


(where  the  factor  7^^'  has  been  included  since  the 
bunching  is  longitudinal;  it  has,  of  course,  a  negligi¬ 
ble  numerical  effect  for  non-relativistic  beams). 

With  the  aid  of  the  usual  expression  for  the  beam 
plasma  frequency*  and  multiplying  and  dividing  by 
additional  factor  of  beam  velocity  yields  the  con¬ 
straint 


JL- 


(eomc7e)(7;3)^ 


>  1 


(20) 


where  J  is  the  beam  current  density.  If  the  relation 
between  the  interaction  length  and  the  e'vanescent 
scale  are  invoked,  the  constraint  becomes 


(eomc7e)7)9€7,^ 


>  1 


(21) 


,  «  . ,  ^  /T  -N  Finally,  if  re-wxitten  in  terms  of  wavelength,  the  re- 

X>27:dM  (lo)  3^, 


Using  the  \*alues  associated  with  a  25  kV  beam  gives 
the  relation 


A  >  20d  (16) 

Good  coupling  at  300  /im  (1  THz)  would  be  achieved 
with  a  beam  parameter  of  the  order  of  15  /xm.  This 
is  consistent  with  data  obtained  in  the  proof-of- 
principle  experiments.  Experiments  designed  to  test 
the  lower  limits  of  d  are  currently  in  progress.  Much 
smaller  \^ues  of  d  are  achievable  and  operation  weU 
above  1  THz  may  be  expected.  Further  extension  of 
the  evanescence  scale  length  may  also  be  achieved 
by  increasing  the  beam  voltage. 

A  final  pair  of  scaling  relations  follow  if  it  may 
be  assumed  that  the  depth  of  field  of  the  beam  fo¬ 
cus  is  emittance  dominated  and  that  this  limits  the 
effective  interaction  length.  In  this  case  the  interac¬ 
tion  length  L  is  related  to  the  beam  diameter  by  the 
expression 


i- 


(17) 


where  eyv  is  the  normalized  emittance.  Since  d  and 
Af  are  comparable,  the  relation 


(18) 


A  >277 


{tomc^/e)e 


2  7/4 

N 


iipyj 


(22) 


is  obtained.  Evaluating  this  last  expression  using 
typical  parameters  for  the  present  electron  optical 
system  indicates  that  we  are  operating  near  the 
lower  w'avelength  limit  of  that  apparatus. 


IV.  TOWARD  A  COMPACT  GCO 

The  GCO  described  in  the  preceding  sections  is 
already  compact  by  some  standards.  As  is  evident 
from  the  scaling  relations  discussed  in  Section  III,  in¬ 
crease  of  beam  energy*  as  well  as  a  decrease  of  beam 
emittance  can  be  used  to  lower  the  limiting  wave¬ 
length.  Increasing  the  beam  energy  is,  of  course, 
the  route  taken  in  relativistic  electron-beam-driven, 
free-eiectron  lasers  (FEL).  The  present  GCO  is  al¬ 
ready  far  smaller  than  these  devices.  The  GCO’s 
output  power  is  much  smaller  than  the  levels  pro¬ 
duced  by  a  relativistic  beam-driven  FEL.  However, 
it  is  edready  suficient  for  application  in  spectroscopy 
or  as  a  local  oscillator. 

Straightforward  engineering  and  elimination  of 
the  non-essential  features  of  the  SEM  would  lead 
inamediately  to  a  much  smaller  device.  It  is  also  in¬ 
teresting  to  speculate  on  more  dramatic  options. 
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The  beam  voltage  required  for  GCO  operation 
probably  need  never  exceed  50  kV  and  in  the  present 
device,  THz  operation  is  achieved  with  only  20  kV 
of  beam  voltage.  This  range  is  well  within  the  scope 
of  modern  dc-dc  converter-based  power  supply  tech¬ 
nology.  The  beam  currents  required  are  also  modest 
and  well  within  the  scope  of  current  converter-based 
power  supplies.  These  supplies  can  now  be  obtained 
in  very  compact  packages.  ^  . 

A  second  major  reduction  in  size  might  be  ob¬ 
tained  if  modem  field  emission  cathode  technology 
were  employed.  The  prunary  motivation  for  much 
work  on  the  field  emission  cathode  is  for  use  in  fiat 
panel  displays.  However,  use  in  microwave  tubes  has 
also  been  a  factor.  The  GCO  is  an  ideal  place  to  use 
this  technique.  A  ribbon  beam  a  micron  thick  and 
about  a  millimeter  wide  propagating  a  distance  no 
more  than  a  few  centimeters  would  be  ideal.  Power 
consumption  and  heat  load  would  be  reduced  dra¬ 
matically. 

The  GCO  is  also  a  linear  device  and  st^dard  en¬ 
ergy  recovery  technology  is  probably  applicable.  Im¬ 
plementation  of  energy  recovery  would  improve  ter¬ 
minal  efficiency.  If  done  in  a  way  such  as  to  also 
reduce  beam  intercept  at  high  voltages  the  already- 
modest  x-ray  production  could  be  further  reduced. 

Finally,  although  the  grating  is  a  simple  and  re¬ 
liable  means  of  converting  electron  beam  kinetic 
energy  to  coherent  radiation,  other  photonic  band 
gap  structures  might  be  employed.  The  present 
GCO  uses  only  the  distributed  feedback  on  the  grat¬ 
ing.  More  complex  structures,  particularly  ones  with 
well-defined  high-quality  factor  modes,  may  offer  sig¬ 
nificant  advantages. 


V.  CONCLUSIONS 

A  potentially  very  useful  THz-FIR.  source  has 
been  developed.  Bsised  on  a  novel  variation  of  an 
old  theme,  the  device  is  simple  and  versatile.  Potver 
output  levels  and  tuning  range  are  already  of  interest 
in  some  applications  and  fundamental  scaling  ar^- 
ments  support  the  claim  that  considerable  extension 
of  the  timing  range  and  output  power  is  possible.  If 
operated  near  the  liimt  of  estaolished  electron  beam 
optical  art  it  will  be  possible  to  access  the  challeng¬ 
ing  10-1000  fxm  wavelength  range. 
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Abstract 

The  operation  of  a  new  ultra  compact  diffraction  grating  coupled  free-electron  laser  (FEL)  has  been  demonstrated.  The 
basic  elements  of  the  device  which  is  termed  a  grating  coupled  oscillator  (GCO)  are  the  beam  in  a  scanning  electron 
microscope  (SEM)  and  a  diffraction  grating  which  is  mounted  in  the  e-beam  focal  region  of  the  SEM.  The  e-beam  is 
controlled  by  the  SEM’s  electron  optical  system  and  distributed  feed  hack  is  provided  by  the  grating  itself.  Recent 
experimental  results  are  presented  and  techniques  for  extending  the  wavelength  and  power  coverage  are  dis¬ 
cussed.  'S'  1999  Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  SEM:  Grating:  Electrons 


1.  Introduction 

Observations  of  radiation  produced  by  electrons 
moving  near  the  surface  of  a  diffraction  grating 
were  first  described  by  Smith  and  Purcell  in  1953 
[1]  and  suggestions  that  this  radiative  mechanism 
could  be  the  basis  of  a  useful  radiation  source  were 
made  even  earlier  [2].  Over  the  intervening  near 
half-century,  interest  has  been  sustained.  At  visible 
and  near  visible  wavelengths  experiments  similar  to 
the  one  described  in  Ref.  [1]  were  carried  out  by 
a  number  of  researchers.  In  the  millimeter  range  of 
the  spectrum  coherent  sources  [3-6]  which  used 
gratings  as  coupling  elements,  were  developed.  At 
short  wavelengths  (the  visible  and  near  infrared 
range)  the  limited  brightness  of  the  electron  beams 
employed  in  the  experiments  limited  the  degree  of 
coherence.  However,  this  is  not  a  fundamental  con- 
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straint.  Recently  [7],  the  electron  beam  in  a  scan¬ 
ning  electron  microscope  (SEM)  and  a  diffraction 
gcating  mounted  in  the  e-beam  focal  region  have 
been  used  to  produce  coherent  radiation  at  far 
infrared  (FIR)  wavelengths.  The  characteristics  of 
this  device  will  be  described  and  conditions  re¬ 
quired  for  extension  toward  operation  at  shorter 
wavelengths  will  be  discussed. 


2.  The  SEM-based  FEL 

A  schematic  cross-section  of  the  SEM-FEL  is 
shown  in  Fig.  1.  The  beam  is  formed  on  a  Tungsten 
“hairpin”  cathode  and  it  is  focused  and  positioned 
over  the  grating  with  the  SEM’s  internal  electron 
optical  system.  When  used  as  a  microscope  very 
small  beam  currents  are  typically  employed.  How¬ 
ever.  the  present  system  is  capable  of  running  in  the 
low  milliamp  range  provided  care  is  taken  with 
heat  sinking.  This  current  level  is  more  than  suffi¬ 
cient  for  operating  in  the  super  radiant  regime. 
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Fig.  1.  Schematic  diagram  of  the  SEM-GCO. 


Various  short  pulse  schemes  would  yield  still  higher 
currents.  The  beam  voltage  may  be  varied  up  to  40 
kV.  Again  this  is  a  convenient  limit  f6r  the  present 
apparatus  but  not  a  fundamental  constraint.  Op¬ 
eration  at  1.5  THz  (200  pm  wavelength)  has  been 
achieved  with  a  25  kV  beam.  Although  run  in 
a  regime  well  above  its  intended  design  limit  the 
SEM  beam  retains  the  tight  focusing  and  high 
brightness  that  is  characteristic  of  these  devices.  At 
present  the  smallest  beam  waist  radius  that  can  be 
easily  attained  is  approximately  12  pm.  This  yields 
peak  beam  current  densities  in  the  200  A/cm’ 
range.  The  beam  emittance  can  be  measured  in  situ 
with  either  a  3-wire  profilometer  or  knife  edges. 
Normalized  emittance  values  are  typically  in  the 
range  at  10“'7tmm  mrad,  a  range  that  is  two  orders 
of  magnitude  smaller  than  the  standard  high-qual¬ 
ity  RF  linac.  Thus  although  the  current  in  the  SEM 
is  much  lower  than  typical  linac  currents  beam 
brightness  may  be  comparable. 

The  gratings  used  in  the  present  experiment  are 
2-4  min  wide  and  10-15  mm  long.  The  gratings  are 
mounted  on  a  miniature  optical  table  that  has  been 
drilled  with  holes  on  i"  centers.  Other  components 
including  Faraday  cups  and  the  profilometer  are 
mounted  on  the  table.  The  complete  assembly  is 


mounted  on  the  microscope  stage  which  brings 
flexibility  to  the  task  of  precise  alignment. 


3.  Experiments 


The  SEM  in  its  original  role  as  a  microscope  can 
be  used  to  align  the  grating.  Peak  signal  is  obtained 
when  the  beam  axis  and  grating  surface  are  parallel. 
When  the  beam  current  is  at  the  low  end  of  its 
range  and/or  it  is  not  tightly  focused,  signal  power 
increases  linearly  with  beam  current.  In  this  regime, 
coupling  conditions  are  comparable  to  those  en¬ 
countered  in  the  early  experiments  of  Smith  and 
Purcell.  Energy  is  transferred  to  the  radiation  field 
via  a  velocity  synchronous  coupling  of  the  beam 
electron  and  one  of  the  slow  space  harmonic  com¬ 
ponents  of  the  field.  Space  harmonic  components 
propagating  at  the  same  velocity  as  the  beam  elec¬ 
trons  “evanesce”  away  from  the  surface  with  a  char¬ 
acteristic  scale  length  given  by  the  expression 


=  ;.ft-/27t 


where  A  is  the  operating  wavelength  and  j3  and  y  are 
the  %-elocity  of  a  beam  electron  relative  to  the  speed 
of  light  and  the  relative  energy.  In  order  to  couple 
efficiently  A,  must  be  comparable  to  the  position  of 
the  beam  centroid  above  the  grating.  In  the  experi¬ 
ments  carried  out  by  Smith  and  Purcell  and  in 
similar  early  work  the  beam  diameter  was  much 


greater  than  Aj.  When  this  is  the  case  the  emission 
from  individual  electrons  add  incoherently  and 
power  increases  linearly  with  beam  current.  This  is 
the  spontaneous  emission  or  shot  noise  regime. 

Each  mode  on  the  grating  consists  of  a  set  of 
space  harmonics.  Space  harmonic  components  with 
phase  velocities  which  fall  within  the  light  cone  on 
a  dispersion  plane  produce  the  outgoing  radiation. 
Space  harmonic  components  which  have  velocities 


the  surface.  In  addition  to  providing  beam-grating 
coupling  these  field  components  provide  a  distrib¬ 
uted  feed  back.  This  is  always  the  case  but  when  the 
beam  current  density  is  sufficient  the  system  enters 
a  super  linear  regime.  Output  power  then  increases 
in  proportion  to  a  substantial  power  of  the  current. 

The  details  of  this  super  radiant  operating  regime 
are  still  under  investigation  but  certain  general 
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ircnds  hiwc  ernerged.  The  dircshold  curreirLS  in¬ 
crease  with  decreasing  beam  density.  Threshold 
currents  below  100  iiA  have  been  obser\ed  but 
typical  \'alues  are  in  the  200-400  uA  range.  Since 
tlK  threshold  decreases  with  increasing  beam  cur- 


the  measured  power.  10')s  of  pW  in  tiie  threshold 
region,  are  in  accord  with  predictions  [h]  oi  the 
theory  go'serning  the  spontaneous  emission.  .Abos  e 
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Signal  IS  ob>erved  directly  at  the  output  of  the 
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siiown  in  Fig.  3. 

Tito  intrinsic  saturation  limit  for  the  s}stem 
Inis  not  yet  been  established.  If  it  is  assumed 
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Fig.  4.  Compilation  of  measured  versus  predicted  wavelengths 
for  emission  in  the  normal  direction. 
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Fi''.  5.  A  typical  spectrum  produced  by  the  Martin -Puplett 
interferometer.  The  line  width  is  comparable  to  the  resolving 
power. 


Fig.  4  is  re-plotted  as  a  function  of  the  beam  velo¬ 
city  in  Fig.  6.  Grouping  in  various  orders  is  evident. 
Power  generated  on  the  higher  order  is  comparable 
to  the  output  that  can  be  obtained  from  a  grating 
which  has  the  same  period  but  which  has  been 
blazed  for  the  first  order. 


5.  Conclusion 

To  date  operation  of  the  GCO  has  been  extended 
down  to  200  pm  wavelength.  Although  the  details 
of  a  theoretical  picture  are  still  unfolding,  evidence 
su'^'^ests  that  device  operation  relies  on  a  basic 
threVwave  coupling.  The  high  current  density 
beam  supports  fast  and  slow  (relative  to  the  beam 
velocity)  space  charge  waves.  Coupling  of  these 
beam  modes  with  a  co-synchronous  phase  velocity 
space  harmonic  on  the  grating  leads  to  a  growing 
mode  that  is  similar  to  a  Cherenkov  instability  [9J. 
On  the  basis  of  this  analogy,  and  presuming  that 
e-beams  representative  of  the  electron  optical  state 
of  the  art  are  employed,  extensions  of  GCO  opera¬ 
tion  down  into  the  10s  of  pm  wavelength  range  is 
a  realistic  expectation.  'With  improved  emittance 
this  extension  can  be  accomplished  without  a  dra¬ 
matic  change  in  the  beam  current  and  voltage.  The 
operationaf  limit  of  this  device  is  primarily  a  ques¬ 
tion  of  brightness.  If  pulsed  field  emitters  or  photo 
assisted  field  emission  cathodes  are  adapted  to 
GCO  operation,  and  the  beam  quality  maintaine 
at  higher  (mildly  relativistic)  beam  energies,  then 
the  wavelength  would  be  further  reduced  and  out 
put  power  increased.  Ultimately,  when  extending 
the  range  of  any  electron  beam  driven  coherent 
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source,  beam  quality  and  beam  energy  are  key 
parameters.  A  fundamental  conclusion  that  may  be 
drawn  from  the  present  experiments  is  that  sub¬ 
stantial  improvements  in  beam  emittance  and  en- 
ersy  spread  can  reduce  the  need  for  high  beam 
energy. 
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IX.  NEW  CONCEPTS 


A  NEW  FAR-INFRARED  (FIR)  SOURCE 
J.E.  Walsh,  J.C.  Swartz,  J.H.  Brownell  and  M.F.  Kimmitt 


Department  of  Physics  and  Astronomy, 

Dartmouth  College,  Hanover,  New  Hampshire  03755-3528 

A  new  source  of  coherent,  tunable,  FIR  radiation  has  been  developed  [1].  The  essential  features  of 
the  device  are  the  beam  in  a  scanning  electron  microscope  (SEM)  and  a  diffraction  grating  mounted  in 
the  e-beam  focal  region.  The  beam  moving  over  the  grating  induces  a  surface  current  which  in  turn  is 
responsible  for  the  emission.  When  the  beam  current  density  is  low,  the  total  power  generated  is  the 
result  of  an  incoherent  sum  of  the  radiation  produced  by  each  electron  in  the  beaim.  In  this  limit,  the 
emission  is  in  effect  a  shot  noise  process.  If,  however,  the  beam  current  density  is  high,  as  it  may  be  in 
the  SEM,  the  distributed  feedback  from  the  grating  is  sufficient  to  cause  beam  bunching  and  growth  of  a 
coherent  mode  of  radiation.  The  grating  is  functioning  as  an  open  surface  resonator  and  in  recognition 
of  this  role  the  device  has  been  termed  a  grating  coupled  oscillator  (GCO). 

A  schematic  diagram  of  the  SEM  is  shown  in  Fig.  1.  The  beam  is  produced  on  a  tungsten  hairpin 
cathode  and  focussed  and  positioned  over  the  grating  wdth  the  aid  of  the  microscopes  internal  electron 
optical  elements.  Beam  voltages  vary  over  a  range  extending  from  20-40  kV  and  total  current  levels  up 
to  approximately  1  mA  can  be  extracted.  Coherent  radiation  can  be  obtained  with  beam  diameter  as 
large  as  35  /zm  and  in  the  present  apparatus  the  lower  limit  to  the  beam  diameter  is  about  20  ^um.  The 
coherent  oscillation  “turns  on”  when  the  beam  current  density  reaches  a  point  where  the  beam  plasma 
frequency  times  the  duration  of  an  electron  transit  over  the  grating  exceeds  about  0.75.  A  typical  power 
versus  beam  current  curve  is  shown  in  Fig.  2. 

The  wavelength,  A,  is  determined  by  the  so  called  Smith-Purcell  relation  [2]: 

In  Eq.  1,  f  represents  the  grating  period,  p  the  velocity  of  a  beam  electron  relative  to  the  speed  of 
light,  9  is  the  angle  of  emission  relative  to  the  direction  of  the  beam,  and  [n]  is  the  order  of  diffraction. 
In  the  present  device  the  emission  is  taken  in  the  normal  direction  and  diffraction  orders  up  to  |n|  =  3 
have  been  used  effectively.  The  choice  of  dominant  order  is 'controlled  by  the  grating  profile. 

To  date,  radiation  over  a  wavelength  band  extending  from  250  f-im  (1.2  THz)  out  to  1  mm  (0.3  THz) 
has  been  obtained.  Basic  scaling  relations  developed  to  guide  the  design  of  the  experiments  indicate  that 
coverage  of  the  entire  10-1000  ^m  band  should  be  possible. 

A  summary  of  these  considerations  and  a  review  of  the  progress  with  GCO  experiments  will  be  pre¬ 
sented. 
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Appendix  B:  Original  Equipment  Request 


3.  Equipment  Budget 


1.  Kimball  Physics,  Inc. 

Electron  Gun /Power  Supply  and  Control  Modules  55,600 

•311  Kimball  Hill  Road 

Wilton,  N.H.  (603)  878-1616;  (Faye  Bigarel) 

2.  Leybold,  Inc., 

[2]  D  lOE  TRIVAC  E  Pump  @  $l,485/pump  2,970 

3.  [2]  RT  86251  TURBOVAC  Pumps  @  $7, 277/pump  14,554 

•Woburn,  MA;  (617)  935-2022 

4.  Infrared  Laboratories,  Inc. 

[2]  Silicon  Composite  Bolometers  @  $11,800 /bolometer  23,600 

•1808  E.  17th  Street,  Tucson,  AZ  85719 
(602)  622-7074 

5.  EG  &  G  Judson 

[2]  J10D-M204-R100U  InSb  Detectors  @$1,580 /detector  3,160 

•221  Commerce  Dr.,  Montgomeryville,  PA  18936,  . 

(215)  362-6107 

6.  SPECAC,  Inc. 

[2  sets]  Wire  Grid  Polarizer  Pairs  (25, 50  and  100  urn  spacing) 

@  $12,495/set  24,990 

•301  Commerce  Dr.,  Fairfield,  CT  06430,  (203)  366-5112 

7.  Heiolett  Packard,  Inc. 

HP  54542A  Digitizing  Oscilloscope  21,000 

•H.P.  Test  and  Measurement  Sector,  Santa  Clara,  CA 
(800)  452-4894 

Total  Equipment  cost  145,874 

Matching  funds  from  Vermont  Photonics,  Inc.  25,000 


Total  Requested  from  DoD: 


120,874 


